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Abstract— The principal constraint in the application of 
the microrobots in drug delivery is swarm control. The 
rotating magnetic field has shown the potential of capturing 
and controlling of the swarm of magnetic nanoparticle-
based microrobots. Despite various experimental studies to 
capture the swarm of the magnetic nanoparticle-based 
microrobot in a rotating magnetic field, a simulation 
platform for the swarm of aggregated magnetic 
nanoparticles (MNPs) has not been introduced. This study 
proposes a simulation platform to study the swarm of 
aggregated magnetic nanoparticles in a rotating field. An 
experimental setup was developed to investigate the 
different swarm modes in a rotating magnetic field, and the 
results show an agreement between the experimental and 
simulation results for the micro- and nanoparticles. The 
effects of the environmental parameters (initial dispersion 
of nanoparticles), process parameters (magnetic field 
intensity, frequency, actuation time), and geometrical 
parameters (particle diameter) were studied to describe the 
swarm behavior in a rotating magnetic field. These studies 
revealed the role of each parameter in creating the swarm 
and showed how the size of aggregates can be controlled. 
The presented approach can be used to design the magnetic 
nanoparticle-based microrobots effectively.  
Index Terms—Magnetic nanoparticles, Microrobots, 




N recent decades, magnetic nanoparticles (MNPs) have 
earned widespread interest in biomedical applications, and 
significant progress is made in the development of MNPs for 
medical applications [1], [2]. MNPs based targeted drug 
delivery (TDD) is used to elevate the concentration of the drug 
in a location of interest inside the body. In this method, the 
drug-coated MNPs are injected into the body, and an external 
magnetic field is used to elevate their concentration in a region 
of interest [1]. The applications of this method vary from drug 
delivery to tumors [2], and infection area [3], to opening the 
blood clots [4]. Recent development in magnetic particles for 
both imaging and therapeutic effects [5] as well as new 
approaches for in vivo targeted drug delivery [6], made the 
study of the swarm of nanoparticles necessary. To have 
efficient performance, the MNPs should be steered in the 
swarm shape to increase the concentration of the MNPs in the 
region of interest. 
The Swarm of MNPs can deliver the required dose of drugs 
to the targeted region [7]. However, there are two major limiting 
factors. First, all of the particles inside a magnetic field will 
experience the same force and torque, which makes the 
individual nanoparticles control difficult. Second, no 
arrangement of the external static magnetic field could 
concentrate the particles at a location of interests [8], [9].  
The magnetic actuation schemes have been developed to 
steer the micro devices and magnetic nanoparticles. Various 
actuation schemes based on the magnetic resonance imaging 
(MRI) systems and electromagnets actuation (EMA) systems 
were developed to evaluate the performance and accuracy of 
the steering [10], [11]. The gradient steering based on MRI was 
developed [12]. In these studies, by controlling the gradient 
field, the magnetic objects, were controlled [7], [12]–[14]. 
Although due to the first limitation simultaneous control of 
multiple devices is hard to achieve, swarm steering with the 
functionalization of the magnetic field was achieved.  
Dynamic magnetic actuation by electromagnetic systems is 
also developed to concentrate MNPs in a location of interest 
[15], [16]. The electromagnetic actuation and permanent 
magnetic actuation are used to elevate the concentration of 
nanoparticles in a region of interest [17], [18]. The magnetic 
scheme to steer swarm of nanoparticles in the multi bifurcations 
were developed [19], [20]. Although swarm steering was 
achieved, the inefficient magnetic gradient-based control in 
these systems was a limiting factor.  
To overcome this limitation, the rotating magnetic field for 
concentrating nanoparticles [21], and dynamic actuation for 
separating them is used. Moreover, the rotating magnetic field 
for steering the vortex-like swarm has been introduced [22]. By 
using a predefined magnetic field, a method of controllable 
disassembly of a paramagnetic nanoparticle chain has been 
reported [23]. The rotating magnetic field has been introduced 
to generate vortex-like MNPs from the dispersed nanoparticles 
[24], [25]. A strategy to reconfigure paramagnetic nanoparticles 
into ribbon-like swarms by the oscillating magnetic field has 
been reported [26]. The simulation platform developed for the 
aggregated MNPs steering was limited to the gradient field-
based steering [27], [28]. In this study, we developed a 
computational platform to show the swarm behavior under a 
rotating magnetic field. 
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Figure 1.Conceptual schematic for the aggregated magnetic nanoparticles under the dynamic magnetic fields, and the free body diagram of the magnetic 
nanoparticles
Fig. 1 shows the conceptual design for a rotating magnetic 
field to generate the aggregate formation for the swarm 
steering. In this study, a computational platform was developed 
to study the aggregation formation.  By using the governing 
dynamics of the particles, the simulation platform shows 
different swarm modes. Experimental results are used to 
compare the simulation data. The efficient parameters to 
generate different swarm modes have been studied. 
The remaining of the paper is divided into three sections. 
First, the governing dynamics is developed. Next, a simulation 
platform based on the governing dynamics was developed, and 
different swarm modes have been studied by using the 
experimental setup. Finally, the effects of the environmental 
parameters, process parameters, and geometrical parameters 
have been studied. 
II. EQUATIONS OF MOTION 
In this section, the effective forces in the swarm of the 
magnetic nanoparticles have been introduced. All nanoparticles 
are assumed to have the same spherical shape and dimensions. 
In the modeling, the particles are studied separately, and we 
analyzed the forces applied to each particle. The schematic of 
the forces applied to a particle is depicted in Fig. 1.  
The particle size plays a principal role in the Brownian force. 
When the particle size is less than 0.1 μm, the Brownian force 
will affect the motion of the particles [29]. Although using 
small particles (<10 nm) has significant benefit in clinical 
applications, such as drug delivery and hyperthermia, the 
steering of the small particles experimentally is hard to achieve 
due to the force limitation. In this study, the particle size is 
limited to >100 nm. Consequently, the Brownian motion is 
neglected in the modeling of the system. The Newtonian 
dynamics is used to derive the equations of motions for the 
movement of the nanoparticles: 
𝑚𝑖?̇?𝑖 = 𝐹𝑚𝑖 + 𝐹𝑑𝑖𝑝𝑖 + 𝐹𝑑𝑟𝑎𝑔𝑖
+ 𝐹𝐶𝐴𝑑𝑖 + 𝐹𝐺𝑖 (1) 
where the index i represents the 𝑖th particle. 𝑣𝑖 denotes the 
particle velocity, and ?̇?𝑖 denotes the particle acceleration, 𝑚𝑖 
represents the mass of the particle. The result of the magnetic 
forces on the particle is shown by 𝐹𝑚𝑖 . 𝐹𝑑𝑖𝑝𝑖  represents the sum 
of the dipole forces between the ith-particle and other 
nanoparticles. 𝐹𝑑𝑟𝑎𝑔𝑖 represents the drag forces exerted on the 
particle. 𝐹𝐶𝐴𝑑𝑖 represents the contact forces and adhesion forces 
between the particles. 𝐹𝐺𝑖 represents the set of gravitational 
forces exerted on the particles, and is equal to 𝜋𝑑𝑖
3(𝜌𝑖 − 𝜌𝑓)/6,
𝜌𝑖 and 𝜌𝑓 are the particle and fluid density. Due to the small 
diameter of the particles, the gravity force is negligible. In the 
following, we will elaborate on the influential force. 
A. Magnetic Force 
An external magnetic field has been used to capture the 
nanoparticles. The magnetic force is the result of the magnetic 
field gradient and introduced as [15]:  
(2) 𝐹𝑚𝑖 = 𝑉𝜇𝑟𝑀𝑠𝑎𝑡. ∇𝐻𝑖 
where, 𝑉 is the volume the nanoparticles, µ𝑟  represents the 
permeability coefficient of the environment, 𝑀 represents the 
magnetic polarization (If the magnetic field is strong, the 
magnitude of the magnetic polarity will be equal to the finite 
limit indicated by the symbol 𝑀𝑠𝑎𝑡) and 𝐻 is magnetic field 
intensity. ∇ is the gradient operator. The Eq. (2) shows that the 
magnetic force is proportional to the volume of the 
nanoparticles. Therefore, the decrease in the particle radius will 
lead to a decrease in force and makes the smaller particles less 
responsive to the magnetic field.  
The placement of the magnetic particles under a magnetic 
field results in the polarity of the particles. The phenomenon of 
polarity in the particles creates a magnetic force among the 
particles. The dipole force plays a key role in the formation of 




𝑗     (3) 
where the index i and j denote the ith and jth particles, and 𝑁 
denotes the number of the nanoparticles. 𝐹𝑑𝑖𝑝𝑖𝑗  denotes the 
dipole force of jth particle on the ith particle. The dipole force 
between two particles 𝑖 and 𝑗 have equal magnitudes and 
opposite directions (𝐹𝑑𝑖𝑝𝑖𝑗 = −𝐹𝑑𝑖𝑝𝑗𝑖). Dipole force is modeled 
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where, 𝜇0 represents the permeability coefficient of the 
environment. 𝑟𝑖𝑘 represents the distance vector between center 
of the particle 𝑖 to the center of the particle 𝑘 and 𝑟𝑘𝑖  represents 
the distance vector between center of the particle 𝑘 to the center 
of the particle 𝑖. 𝑚𝑖 and 𝑚𝑘 are the magnetic moments of the 
particle 𝑖 and 𝑘, respectively. The magnetic moment for the 







)𝐵𝑖  and 𝐵𝑖  is the field of the particle 
𝑖 that is calculated by the following formula: 




B is the magnitude of the external field, 𝐵𝑑𝑖𝑝𝑘𝑖  is the magnetic 
intensity due to the polarity of the kth particle to the ith particle 
which is obtained by the following formula: 














In general, by expanding the equation above and writing the 
field in the 𝑥, 𝑦 and 𝑧 directions, we derive a 3𝑁 equations and 
3𝑁 parameters system. Solving this equation gives the values 
of 𝐵𝑖 . By placing 𝐵𝑖  in the equation, the value of the i
th particle 
will be obtained. 
The effect of the dipole force decreases with the distance 
[27]. Therefore, to simplify the simulation, the dipole force for 
particles with a distance greater than 8r (r is particle radius) is 
considered to be zero. The length and width of the initial 
particles scattering space are assumed as a constant: 
(7) 𝐿 = 6𝑟𝑎𝑣𝑒𝑟𝑜𝑢𝑛𝑑(√𝑁) 
N is the number of particles and 𝑟𝑎𝑣𝑒  is the average particle 
radius. 
B. Contact Force and Adhesion Force 
The 𝐹𝐶𝐴𝑑𝑖  is sum of the contact and adhesion force applied to 
the ith particle (𝐹𝐶𝐴𝑑𝑖 = 𝐹𝐶𝑖 + 𝐹𝐴𝑑𝑖). In the Fig 1 the parameter 
𝛿𝑖𝑗 represents the distance between the centers of the two 
particles 𝑖 and 𝑗. If 𝛿𝑖𝑗 < 𝑅𝑖 + 𝑅𝑗, then we will have contact 
force. The Hertzian contact model is used to model the contact 
force, which is defined as follows: 
(8) 𝐹𝐶𝑖 = −𝐹𝐶𝑗 = 𝐾 𝑖𝑗
1.5 
where K is the spring constant and 𝑖𝑗 represents the interaction 
between the particle 𝑖 and 𝑗 in contact with each other and its 
value is 𝛿𝑖𝑗 − (𝑅𝑖 + 𝑅𝑗). 









where, the 𝑖 and 𝑗 represent ith and jth particles that are in contact 
with each other. τ is equal to the adhesion energy. 𝐹𝑐𝑖  represents 
the contact force applied to the particle 𝑖 due to the contact with 
particle 𝑗. According to Eq. (9) for the particle adhesion force, 
we have 𝐹𝐴𝑑𝑖 = −𝐹𝐴𝑑𝑗  , where 𝐸𝑖𝑗
∗  is the equivalent elasticity of 
two particles 𝑖 and 𝑗. 𝑑𝑖𝑗
∗  represents the equivalent diameter 
between the two particles 𝑖 and 𝑗 , equal to 
𝑑𝑗𝑑𝑖
𝑑𝑗+𝑑𝑖
. Since the 
radius of the nanoparticles is assumed to be equal, we defined 
the diameter between two particles to be equal to R. 
C. Drag Force  
At a small scale the viscous forces are dominant, and the 
Reynolds number is very small (Re≪1). The drag model is 
represented as: 
(10) 𝐹𝑑𝑟𝑎𝑔𝑖 = −6𝜋𝜇𝑅𝑣𝑝𝑖 
where 𝑅 is equal to the radius of the nanoparticles, which is the 
same for all particles. Therefore, the drag force affecting each 
particle is only a function of the velocity of each particle. 
III. SIMULATION PLATFORM FOR CAPTURING MNPS 
The MATLAB software has been used to develop the 
computational platform. The particles are randomly scattered in 
a fluid environment. The properties of nanoparticles and the 
environment are given in Table 1. 
Table 1 
(a) Fluid Properties (b) Nanoparticles Properties 
(a)    Fluid Properties 
Parameter Value Unit 
Density 1050 𝐾𝑔 𝑚3⁄  




Temperature 293.15 𝐾 
 
(b)     Nanoparticles Properties 
Parameter Value Unit 
Radius1 500 𝑛𝑚 
Radius2 200     𝜇m 
Density 5180 𝐾𝑔 𝑚3⁄  
Permeability 1.257 × 10−6 V·s/(A·m) 
A. Experimental Setup 
The experimental  setup for the rotating field is shown in 
Fig.2. The region of interest is 10 mm (diameter) at the center 
of the actuation system. Two neodymium magnets (N42, 20 
mm diameter by 10 mm width) are positioned by using a holder 
in a constant distance. The distance of the magnet holder can be 
varied to generate diverse magnetic fields. In this study, the 
magnet holder had a constant distance (60 mm) to generate a 
25.46 mT magnetic field. The maximum (9.7%) and average 
(4.4%) variation in the magnetic field was measured. An 
Arduino microcontroller, with a Motor Drive Controller 
(L298N), was used to control the field frequency, and the Iron 




Figure 2. (a) Experimental setup for the swarm of the nanoparticles under a rotating magnetic field, the region of interest is considered as a circle with 10 mm 
diameter, (b) The schematic of the experimental setup 
This experimental setup is not fully homogeneous. It has 
more inhomogeneity compares to Helmholtz coils (with <1% 
or <5% homogeneity). However, the effect of the magnetic field 
on the particles is assumed to be homogeneous due to the 
negligible impact of inhomogeneity in this setup. 
Aggregated particles move in a chain form inside the region 
of interest. The aggregates are oriented along the direction of 
the magnetic field and rotated in response to the external field. 
For the rotating field of 5 to 10 Hz, the aggregates rotate with 
the field without a change in their geometrical shape (remained 
as chain shape), with an increase in the field frequency to 20 
Hz, the chain shaped aggregates change to the sphere shaped 
formation. Finally, in higher frequencies (30 and 40 Hz), 
dispersed sphere shaped aggregates are observed. The 
experiments have been carried out for n=3 samples, and the 
results were compared with the simulation results.  
B. Comparison between simulation platform and 
experimental results  
In this study, two different systems are used to compare the 
simulation results. The results of [25] are used for smaller 
particles with a radius in the range of 100-500 nm. The 
experimental setup (Fig. 2) is used to compare the simulation 
results of bigger particles (<=200 𝜇𝑚). Although the platform 
can simulate magnetic force, the field is assumed to be 
homogeneous with a zero gradient, which results in the 
magnetic force to be zero (𝐹𝑚𝑖 = 0). The effects of dipoles on 
the particles play the key role in the motion of particles. 
A criterion should be defined to study the particle 
concentration and the swarm behavior of the MNPs. The 
particle dispersion and aggregation are considered as the 
criterion to analyze different modes in swarm of the 
nanoparticle concentration. 
For dispersion and aggregation, the criterion is particle 
dispersion change (PDC) and is defined as: 
(11) 
𝑑𝑡 =
∑ √(𝑥𝑖 − ?̅?𝑐)





where, ?̅?𝑐 and ?̅?𝑐 are considered the coordinates of the center of 
the region of interest. 𝑥𝑖 and 𝑦𝑖  show the coordinates of the 
particle i, 𝑑𝑡 represents the dispersing at time t, and L is the 







where, 𝑑𝑡1 and 𝑑𝑡2  indicate dispersing at time 𝑡1 and 𝑡2. ?̅? 
shows the PDC in the time span between 𝑡1 and 𝑡2. 
(13) 𝑓𝑥 = sin 𝜔(𝑡) 
(14) 𝑓𝑦 = cos 𝜔(𝑡) 
where 𝑓𝑥 specifies the field size ratio in the x-direction and 𝑓𝑦 
is the field size ratio in the y-direction. 𝜔 gives us the 
frequency, which is equal to 𝜔0 + 𝛼𝑡. α and 𝜔0 are two constant 
values. 
Four different swarm modes have been observed for the 
accumulation of nanoparticles experimentally [25]. To analyze 
the swarm behavior and compare the experimental and 
numerical results, a parameter called the ideal percentage of 
dispersion changes (IPDC) has been introduced. This parameter 
is similar to the PDC, but it is calculated by the difference 
between the particle dispersion and ideal dispersion at time t 
(Eq. 11). Ideal dispersion is the minimum dispersion that 
particles can have. By using image processing, the number of 
particles in each image can be estimated. Using the number of 
obtained particles, the ideal dispersion in each image is 
calculated, which is approximately 0.7 in all 4 cases. Then, 
using image processing and computational algorithm, the 
particle dispersion in each image is calculated and shown in the 




            
Figure 3. (a) The relationship between the IPDC with the frequency and the magnetic field strength is shown. The range of each swarm mode is shown by the fold 
line, (b) The phase diagram shows four different swarm behaviors in field and frequency changes. Swarm behaviors are categorized into four main types and are 




Figure 4. (a)The PDC values per frequency in the simulation and experimental results. (b)The IPDC values per frequency in the simulation and experimental 
results. (c) Swarm behavior in five different frequencies after 2.5 s of applying a magnetic field. 
Table 2 
 The dispersion values and IPDCs associated with the experimental result 
are given, and according to the experimental values, the range of IPDCs for 
different types of swarm behavior is determined. 
Allowed Range IPDC Dispersion Type 
40% - 50% 44% 1.25 1 
30% - 40% 35% 1.09 2 
≤ 30% 27% 0.97 3 
≥ 50% 54% 1.53 4 
The simulation for 28 different modes of field effect on 1000 
particles with 𝑑𝑡=0 = 0.53 and 𝑑𝐼𝑑𝑒𝑎𝑙 = 0.17 is shown in Fig. 
3. The results of the swarm behavior type in these 28 
simulations (Fig. 3 (b)) has an average consistency of %75 with 
the experimental results in [25]. 
To compare the simulation and the experimental results, 100 
particles with a radius of 200 𝜇𝑚 are used. By image 
processing, the dispersion of the initial and the final states is 
calculated. The comparison between PDC at different 
frequencies for the experimental and simulation results are 
shown in Fig. 4 (a). In this diagram, both curves for the 
numerical and experimental results show a similar behavior. 
However, at any frequency, the PDC values in the experimental 
results are less than the numerical results. The difference 
between the numerical and experimental results in the five 
considered frequencies varies between 5 to 15%. The variation 
in the results can be linked to the initial dispersion. In the 
simulations, the initial dispersion of the particles is assumed to 
be random which is different from the initial dispersion of the 
particles in the experiments. Since PDC is obtained from the 
percentage of the change between the initial and final dispersion 
of particles, even with a similar final state, the PDC values will 
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be different if the initial dispersion is different. The IPDC 
parameter is also used to study the results (Fig. 4-b). IPDC is 
independent of the initial particle dispersion. In the Fig. 4-b, the 
curve of the experimental and numerical results has a similar 
behavior, and the variation between the results is less than 5% 
which indicates a good agreement between the experiment and 
simulation. 
IV. STUDY OF EFFECTIVE PARAMETERS 
In this section, we study the effective parameters in the 
swarm nanoparticle capturing and different swarm modes. 
These parameters have been chosen based on the available 
experimental setups (e.g. Helmholtz system [25], MiniMag 
[31], OctoMag [32], [33]).    In all studies, we use the PDC 
parameter to compare the effect of various parameters. 
If the initial dispersion of the nanoparticles is insufficient 
(the distance between the particles is small), the effect of the 
field on the particles will not be significant because the particles 
stick together immediately. In this condition, the amount of 
dispersing in the initial and final state will be low (5-a). As a 
result of the lower PDC, the aggregated swarm type 3 is 
generated (Fig. 3). On the other hand, if the dispersion of the 
nanoparticles in the fluid is high (the distance between the 
nanoparticles will be high), the rotating field cannot create the 
aggregated MNPs. The dipole force is inversely proportional to 
the fourth power of the particle distance (Fdip ∝
1
r̂4
), so the 
increase in the particle proximity reduces the dipole force and 
affects the aggregate (5-b). 
The effect of MNPs radius change is shown in the Fig. 6. If 
the initial dispersion is sufficient (introduced in the Fig. 5), the 
dispersion approaches to the ideal dispersion (Fig. 6 (a)). Also, 
in all three cases, after a rotation of the field (0.1 s), the 
dispersion value remains constant. 
The PDC of the different radius in various magnetic field 
strength (MFS) is similar. The small difference can be 
explained by increasing the mass and the dipole force (Fig. 6 
(b)). If the initial dispersion is the same, the PDC will be 
different for the different radius (Fig. 6 (c)).  
All simulations are done with the assumption that the 
particles have an equal radius. In Fig 6 (c) (fold line), the radius 
of the particles in the simulation is ranging between 300~500 
nm (the average radius of the particles is 398 nm). The result of 
this condition is close to the results of the particles with 400 nm 
radius. In Figure 6-c, similar to the Figure 6-a, after 0.1 s, the 
dispersion remains constant.  
 In Fig. 7, It is shown that increasing the magnetic field 
strength will cause more particles to concentrate. Thus, it 
reduces the dispersion of particle, and increases the PDC of the 
particles. 
 
             
Figure 5: Magnetic field frequency effects on the PDC for 10 different conditions of the different initial dispersion is shown. (a) Ideal dispersion for 250 particles 
with a radius of 500 nm, PDC is directly linked to the increase of dispersion from initial to 0.17. (b) further increase in the initial dispersion over 0.17 reduces the 
PDC, and 𝑑𝑡 = 0  >  0.28 ,  ?̅? ≈ 0.
 
Figure 6: (a) The radius of the particles of each state is indicated on the diagram, the magnetic field strength is equal to 10 mT, and the frequency of the field is 
equal to 10 Hz. The IPDC for each radius is shown by the dashed line. (b) Diagram of the PDC according to the MFS at 10 Hz frequency. The particle radius and 
the initial dispersion are shown on the diagram. The PDC is calculated after 0.3 s compared to the initial dispersion of each state. (c) The particles with distinct 
diameters in the range of 300 to 500 nm have been used, and the average particle radius is 398.3 nm (fold line). 
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Initially, the increase in the frequency resulted in the final 
dispersion increase. However, after reaching the maximum 
dispersion, the particles do not find enough time to have a full 
rotation, which leads to a decrease in the final dispersion, and 
the PDC declines. 
 
Figure 7: Diagram shows the effect of the frequency and intensity of the 
magnetic field on the PDC of the nanoparticles. All the cases are for the 250 
particles with the same initial dispersion equal to 0.17, and the PDC is 
calculated after 1s. 
V. CONCLUSION 
The simulation platform can demonstrate swarm behavior 
numerically. The results obtained from the simulations are in 
good agreement with the experimental results. To analyze the 
behavior of the MNPs under the magnetic field, effective static 
parameters such as initial dispersion, MFS, frequency, and 
nanoparticle diameter were investigated.  
Considering the effect of the different parameters on the type 
of the particle swarm behavior, the initial particle dispersion 
and excitation time can be considered as the most efficient 
parameters in the type of the particle swarm behavior. If the 
initial dispersion is below (<0.12) or above (>0.25) a threshold, 
the aggregate swarm is not generated.  
The simulations showed that although the role of the 
magnetic field strength is higher than frequency, in the lower 
frequencies, high dispersion cannot be achieved. The effect of 
the magnetic field intensity on the PDC was studied, using 100, 
200, 500, 1000, and 2000 particles, which in all cases, the 
greater the magnitude of the field, led to less dispersion. 
Overall, the simulation platform can predict the parameters for 
a successful swarm mode generation to be used in the 
experimental studies. 
The main objective of this work was modeling the particle 
swarm in different conditions. In the future work, we will study 
the separation and the effective parameters in the separation 
control. Considering the clinical importance of MNPS< 100 nm 
in hyperthermia and drug delivery, unmodeled forces which can 
be effective on particles <100 nm, are another interesting area 
of the research. Introducing these forces in the modeling can 
lead to a more generalized platform. 
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